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SUMMARY
In this paper we consider the use of single carrier (SC) modulations combined with frequency-domain
equalisation (FDE) in future broadband wireless systems. We propose iterative receiver structures with joint
equalisation and carrier synchronisation. The proposed receivers can be regarded as modified frequency-
domain turbo equalisers where we perform a decision-directed frequency offset estimation within each
iteration of the turbo equaliser.
Our performance results show that the proposed receiver structure has good bit error rate (BER), even
with moderate frequency offsets and in severely time-dispersive channels. Moreover, our receiver has a
relatively low implementation complexity, due to its fast Fourier transform (FFT)-based frequency-domain
implementation. Copyright © 2010 John Wiley & Sons, Ltd.
1. INTRODUCTION
Due to an increased demand for wireless services, future
systems are required to support high quality of service
at high data rates. For such high data rates, the time-
dispersion effects associated to the multipath propagation
can be severe. In this case, conventional time-domain
equalisation schemes are not practical. Block transmission
techniques, with appropriate cyclic extensions and employ-
ing frequency-domain equalisation (FDE) techniques, have
been shown to be suitable for high data rate transmission
over severely time-dispersive channels without requiring
complex receivers. The most popular modulations based
on this concept are the orthogonal frequency division mul-
tiplexing (OFDM) modulations [1]. Block transmission
single carrier (SC) modulations combined with FDE (also
denoted SC-FDE), are an alternative approach based on this
principle [2].
Although OFDM has very poor uncoded performance
[3], the achievable performances with appropriate chan-
nel coding are similar for OFDM and SC/FDE [4, 5].
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The overall implementation complexities for SC-FDE and
OFDM schemes are similar, although the OFDM receivers
are slightly simpler and the transmitters more complex.
Moreover, the OFDM signals have larger envelope fluctua-
tions which lead to amplification difficulties. Therefore, the
OFDM schemes are clearly preferable for the downlink (i.e.
the transmission from the base station (BS) to the mobile
terminal (MT)) and the SC-FDE schemes are preferable for
the uplink (i.e. the transmission from the MT to the BS).
For this reason, a mixed SC/OFDM air interface was pro-
posed [4, 6], with an OFDM scheme in the downlink and
a SC-FDE scheme in the uplink. In this paper we consider
only the uplink transmission of this type of system, i.e. an
SC-FDE approach.
A promising iterative FDE (IFDE) technique for SC-
FDE, denoted iterative block-decision feedback equaliser
(IB-DFE), was proposed in Reference [7]. This technique
was later extended to diversity scenarios [5] and layered
space-time schemes [8]. These IFDE receivers can be
regarded as iterative DFE receivers with the feedforward
and the feedback operations implemented in the frequency
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domain and offer much better performances than the non-
iterative methods [5, 7, 8]. Within these IFDE receivers
the equalisation and channel decoding procedures are per-
formed separately (i.e. the feedback loop uses the equaliser
outputs instead of the channel decoder outputs). However,
it is known that higher performance gains can be achieved
if these procedures are performed jointly. An effective
way of achieving this is by employing the so-called turbo
equalisation schemes where the equalisation and decoding
procedures are repeated, in an iterative way, with some soft
information being passed between them [9]. Although ini-
tially proposed for time-domain receivers, turbo equalisers
also allow frequency-domain implementations [10, 11]‡.
In order to maintain high power and spectral efficiencies,
the cyclic prefix, which is longer than the overall channel
impulse response length, should be a small fraction of the
block duration. Therefore, we usually need large blocks for
severely time-dispersive channels, with hundreds or even
thousands of symbols. Typically, the frequency errors can-
not exceed a small fraction of the inverse of the block
duration. This means that we have higher sensitivity to
frequency errors for larger blocks, making accurate car-
rier synchronisation mandatory. One source of frequency
errors is the frequency mismatch between the oscillators
at the transmitter and receiver. Another possible source of
frequency errors is the Doppler frequency shift caused by
relative motion between the transmitter and the receiver.
The carrier synchronisation is usually performed in two
(or more) stages. Typically a coarse synchronisation, with
moderate accuracy and large acquisition band, is followed
by a fine synchronisation, with high accuracy and small
acquisition band (Reference [12], and references therein).
The fine carrier synchronisation can be performed after
the equalisation procedure, namely using decision-directed
estimation. This is especially effective for SC modulations
since the frequency offsets produce a progressive constella-
tion rotation and the equalised signal resembles the received
signal in flat-fading channels [13, 14].
An alternative to a decision-directed carrier frequency
offset (CFO) estimator, is using known sequences with
good correlation properties. Although yielding more accu-
rate estimates, this solution requires extra block overhead
thus reducing the bandwidth efficiency [15]. Exploring the
similarities between the synchronisation requirements of
both transmission schemes, it is possible to use, in SC-FDE
schemes, the frame structure of training symbols originally
‡ The IFDEs ofReferences [5, 7, 8] (or IB-DFEs) can be regarded as special
types of frequency-domain turbo equaliserswith reduced complexity, since
the channel decoder is not required in the feedback loop.
designed for synchronisation purposes in OFDM schemes.
In Reference [16], Moose proposed a maximum-likelihood
(ML) CFO estimator, based on the use of two identical and
consecutive symbols, with a frequency acquisition range
±1/(2T ), where T is the ‘useful’ symbol duration. This
result was later extended in Reference [17], which uses also
two symbols; the first estimates the fractional part of the
CFO (|f | < 1/T ), whereas the second symbol resolves
the frequency ambiguity inherent in the first symbol, i.e.
it estimates the integer part of the CFO (f multiple of
1/T ). Morelli and Mengali proposed in Reference [18] an
algorithm exploiting a training symbol with L > 2 identi-
cal parts. Its estimation range is ±L/2 times the subcarrier
spacing and its accuracy is slightly superior to that of the
Schmidl andCoxmethod. Itsmain advantage is that it needs
just one training symbol while the Schmidl and Coxmethod
needs two symbols. In Reference [19], Morelli and Men-
gali improved this estimation technique using algorithms
that achieve the Cramer–Rao bound at the cost of increased
complexity. A comparison between different designs for the
frame structure of the pilot symbols is made in Reference
[20]. Besides pilot tone-aided algorithms, other techniques,
like cyclic-prefix estimation, may be applied to track the
frequency offset (see, for instance, Reference [21]).
In this paper we consider an SC-FDE block transmission
in the presence of residual frequency errors. We propose a
receiver structure with joint equalisation and carrier syn-
chronisation. We consider iterative receivers that can be
regarded as modified frequency-domain turbo equalisers
where we perform decision-directed frequency offset esti-
mation within each iteration of the turbo equaliser.
This paper is organised as follows. The basic iterative
FDE receivers are described in Section 2. Section 3 presents
the modified receivers with joint equalisation and carrier
synchronisation. A set of performance results is presented
inSection4 andSection5 is concernedwith the conclusions.
2. ITERATIVE FDE RECEIVERS
2.1. Receiver structure
For the sake of simplicity, we will assume in this section
that there is perfect carrier synchronisation. Figure 1(A)
presents the iterative frequency-domain receiver structure
considered in this paper. It is assumed that we have L
receiver antennas, i.e. we have L-order space diversity.
The received time-domain block associated to the lth
antenna, {y(l)n ; n = 0, 1, . . . , N − 1}, is passed to the fre-
quency domain by a DFT operation, leading to the block
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Figure 1. (A) IFDE receiverwithL-branch space diversity and (B) equivalent receiver structure, sinceF (l,i)k = H (l)∗k C(i)k , l = 1, 2, . . . , L.
{Y (l)k ; k = 0, 1, . . . , N − 1}, with
Y
(l)
k = SkH (l)k + N(l)k (1)
where H (l)k and N
(l)
k denote the channel transfer function
and the channel noise, respectively, for the kth subchannel
of the lth diversity branch. The block of frequency-domain
symbols {Sk; k = 0, 1, . . . , N − 1} is the DFT of the trans-
mitted time-domain block, {sn; n = 0, 1, . . . , N − 1}, with
sn denoting the nth data symbol to be transmitted, selected
from a given constellation (e.g. a QAM or a PSK constel-
lation).
For a given iteration i, the frequency-domain samples at
the output of the FDE are given by§
˜S
(i)
k =
L∑
l=1
F
(l,i)
k Y
(l)
k − B(i)k S
(i−1)
k (2)
§ Our IFDE receiver is slightly different from the IB-DFE receivers of
References [5] and [7], since there the correlation factor is incorporated in
the feedback coefficients.
where {F (l,i)k ; k = 0, 1, . . . , N − 1} (l = 1, 2, . . . , L) are
the feedforward coefficients and {B(i)k ; k = 0, 1, . . . ,
N − 1} are the feedback coefficients. {S(i−1)k ; k = 0, 1,
. . . , N − 1} denotes the DFT of the block of time-
domain average symbol values associated to the previ-
ous iteration, {s(i−1)n ; n = 0, 1, . . . , N − 1}. The method
for obtaining these average values is described in
Section 2.2.
It can be shown that the optimum feedback coefficients
are [5, 7]‖
B
(i)
k =
L∑
l=1
F
(l,i)
k H
(l)
k − 1 (3)
and the feedforward coefficients are given by
F
(l,i)
k =
˘F
(l,i)
k
γ (i)
(4)
‖ Contrarily to References [5] and [7], we are considering normalised
equalisers, i.e. 1
N
∑N−1
k=0
∑L
l=1 F
(l,i)
k
H
(l)
k
= 1.
Copyright © 2010 John Wiley & Sons, Ltd. Eur. Trans. Telecomms. 2010; 21:131–141
DOI: 10.1002/ett
